Aluminum is the heaviest light element displaying large star-to-star variations in Galactic globular clusters (GCs). This element may provide additional insight into the origin of the multiple populations now known to be a common place in GCs, and also the nature of the first-generation stars responsible for a cluster's chemical inhomogeneities. In a previous analysis we found that, unlike more metal-poor GCs, 47 Tuc did not exhibit a strong Na-Al correlation, which motivates a careful study of the similar metallicity but less massive GC M71. We present chemical abundances of O, Na, Al, and Fe for 33 giants in M71 using spectra obtained with the WIYN-Hydra spectrograph. Our spectroscopic analysis finds that, similar to 47 Tuc and in contrast with more metal-poor GCs, M71 stars do not exhibit a strong Na-Al correlation and span a relatively narrow range in [Al/Fe], which are characteristics that GC formation models must reproduce.
I. INTRODUCTION
Multiple and discrete photometric sequences found in most globular clusters (GCs), e. Piotto et al. 2014 for the first results of a large HST UV survey of Galactic GCs). In addition to photometric studies, the large star-to-star light-element abundance variations of C, N, O, Na, Mg, and Al, coupled with characteristic (anti)correlations (e.g., C-N, Na-O, Mg-Al) extending down to the main-sequence (MS), are considered compelling evidence that GCs host multiple stellar populations with unique chemistry (e.g., see reviews by Gratton et al. 2004; . In this framework a first generation of stars forms with a composition matching the cluster's primordial gas, and later the more massive stars inject processed material into the cluster interstellar medium.
Subsequent generations that form then reflect a composition that is a mixture of the primordial gas cloud and any retained processed material. Rapidly rotating massive stars (e.g., Decressin (Denissenkov & Hartwick 2014 ) have all been considered to explain the abundances patterns of second generation stars in GCs. Improving our understanding of the chemical enrichment history of GCs and the nature of the progenitors responsible for the gas pollution requires increasing both the number of stars with known chemical abundances and the number of clusters surveyed sampling a broad range in both GC mass and metallicity. For instance, Carretta et al. (2010) found that some of the more luminous or massive GCs display a more extended Na-O anticorrelation. Furthermore, larger spreads in Al content are found in more metal-poor GCs, such as M13 (e.g., Shetrone 1996 (Carretta et al. 2009b ; hereafter CBG09b), suggesting that the Al-production is regulated by the cluster's metallicity. Moreover, an Al-Na correlation, which is typically found in more metal-poor GCs such as M13 and M3 (e.g. Cavallo and Nagar 2000) , is absent in the more metal-rich populations of Omega Cen (Johnson & Pilachowski 2010 ) and 47 Tuc (Cordero et al. 2014) .
Multiple lines of spectroscopic evidence support the multiple populations scenario in M71. Cohen (1999) reported an anticorrelation between CN and CH, which trace N and C, respectively, and a bimodal CN distribution for a sample of MS stars. Moreover, Briley et al. (2001) found that red giant branch (RGB) stars exhibit the same scatter in C and N and CN bimodality as MS stars, which lead the authors conclude that these chemical inhomogeneities detected in M71 were imprinted at birth and that variations due to deep mixing during the first dredge-up are less important at this metallicity. Another piece of evidence revealing that deep internal mixing in more metal-rich GCs plays a minor role, if any, in shaping the light-element abundances pattern described by red giants comes from the study of Briley et al. (2001) , which used DDO photometry of M71 giants to trace CN and CH band strengths. Their study demonstrated that the scatter in C and N exhibited by less evolved giants is comparable to the one found in the more luminous giants. The missing dependence of this chemical feature with luminosity is also found in 47 Tuc giants, a GC with similar metallicity, as shown in Fig. 3 In order to gather more information in the more metalrich regime of Galactic GCs we determined O, Na, and Al abundances in 47 Tuc (Cordero et al. 2014 ). In the present work, we extend the study of light-element abundances to another old and metal-rich GC, M71, with the goals of: i) increasing the small dataset of abundances available for this cluster; ii) assessing the degree of Al enhancement and its dispersion within the cluster; and iii) exploring whether an Na-Al correlation is present in M71. Furthermore, the total mass and metallicity of GCs are often correlated with their horizonal branch morphology as well as light element chemistry (Carretta et al. 2010) , and since M71 and 47 Tuc have similar [Fe/H] but differ significantly in their present-day mass, a comparison between the two clusters may provide insight into possible differences in their formation mechanisms. The paper is organized as follows. A description of the observations, the analysis, and a comparison to the literature are presented in sections 2 through 4. A discussion of our results and our conclusions are given in sections 5 and 6, respectively.
II. OBSERVATIONS AND DATA REDUCTION

A. Observations
We observed red giant branch stars in the GC M71 using the Hydra multi-fiber positioner and bench spectrograph on the WIYN telescope located at Kitt Peak National Observatory in June 2000, June 2013, and July 2013. Different fiber configurations were used during each run because only 13-17 stars can be observed on a given setup due to the small angular diameter of the cluster and the fiber size/placement tolerances. The remaining fibers in each configuration were used to measure the background sky spectra. Table I shows the dates of observations and wavelength coverage of each Hydra configuration. For all Hydra runs the spectrograph was fed with the 200 µm "red" fiber cable and the Bench Spectrograph Red Camera was used. The 2001 observations employed the 316 l/mm (63.4 • ) echelle grating, the former SITE 2048 × 2048 pixel CCD (t2kc), and the filter X19 which yielded spectra ranging from λλ6470-6860 A, at a dispersion of 0.20Å pixel −1 . The 2013 observations used the 316 l/mm (63.4 • ) echelle grating, the SITE 2600 × 4000 pixel CCD (STA1), and the filter X18 which covered the spectral range from λλ6100-6350Å, at a dispersion of 0.16Å pixel −1 .
B. Selection of Stars
Coordinates and membership probabilities were obtained from the proper motion survey of Cudworth (1985) . We targeted only stars with membership probabilities greater than 80%, and note that only seven stars in our sample have membership probability below 90%. Furthermore, to confirm membership radial velocities were measured using the IRAF task fxcor which crosscorrelates the observed spectra with synthetic spectra of similar atmospheric parameters and resolution. This procedure resulted in an average heliocentric velocity of -22. Fig. 1 , including all our Hydra sample and the sample from CBG09b.
C. Data Reduction
Calibration data for both Hydra runs included ThAr comparison lamp, bias, and flat field frames on all nights. Furthermore, a set of dark frames was taken on the 2013 observing run. Basic data reductions were carried out using IRAF [68] routines. The ccdproc task was used to trim the overscan region and to subtract the bias and dark levels. The dohydra script was used to trace the spectra, to apply a flat-field correction, to correct for scattered light, to extract the one-dimensional spectra, to apply the wavelength calibration, and to subtract the background sky spectra. The continuum for each spectrum was normalized using a low order cubic spline. Standard stars for removing telluric absorption features near the [O I] line at 6300 were not obtained as part of the original data set, limiting the determination of an oxygen abundance to just a subset of our stars. Weak telluric features are present in our spectra and are blended with the oxygen line. However, we were able to convolve the high resolution telluric spectrum provided with the Arcturus Atlas (ftp://ftp.noao.edu/catalogs/arcturusatla/visual/) to match the resolution of our data and successfully divide out the weak telluric absorption lines in our spectra. With the telluric lines removed, we were able to determine oxygen abundances for 22 giants in our sample. Finally, the spectra were co-added using the scombine task after applying the appropriate wavelength shift. The final spectra have signal-to-noise ratios of typically 70-200 per pixel.
III. ABUNDANCE ANALYSIS AND UNCERTAINTIES
A. Derivation of Abundances
Chemical abundances of M71 giants were determined using the 2010 version of the code MOOG (Sneden 1973) . LTE model stellar atmospheres were interpolated, with an adopted metallicity of [M/H]=-0.80 [69] , from the α-enhanced ATLAS9 grid of non-overshoot models (Castelli & Kurucz 2003) .
Initial effective temperatures (T eff ) were obtained from the infrared flux method using the analytic functions presented in Alonso et al. (1999) and the color transformations summarized in Johnson et al. (2005) . We used the reddening value E(B-V)=0.25 recommended by Harris (1996; 2010 edition). We derived surface gravities from the absolute bolometric magnitudes and effective temperatures. We used the bolometric corrections described in Alonso et al. (1999) , a distance modulus of (m-M) V = 13.80 (Harris 1996 , 2010 edition), a bolometric magnitude of 4.74 for the Sun , and a mass of 0.8 M ⊙ was assumed for all the stars. The limited spectral coverage prevents derivation of the surface gravities from the ionization equilibrium of Fe I and Fe II. An initial microturbulence value was obtained using the v t relation given by Johnson et al. (2008) , and then adjusted to minimize the dependence of derived [Fe/H] on reduced equivalent width (log W/λ). The final adopted atmospheric parameters are given in Table II , which also includes, abundances, reference population assignment, distance from the cluster center in arcmin, and heliocentric radial velocities obtained in the present work, in addition to stellar identifications and membership probabilities from Cudworth (1985) .
Iron abundances were obtained from equivalent width measurements and the line list from Johnson & Pilachowski (2010). The IRAF splot package was used to measure equivalent widths interactively and only lines with log W/λ <-4.5 were used for the abundance analysis. We used typically about 27 Fe I lines. Solar reference abundances used in this study can be found in Johnson & Pilachowski (2010) .
Abundances of the light-elements oxygen ([O I] λ6300 A), sodium (Na I 6154, 6160Å doublet), and aluminum (λλ 6696, 6698Å Al doublet) were determined by spectrum synthesis, which provides a more reliable abundance at Hydra's resolution due to blending with other atomic and molecular features. Given the uncertain nature of Na NLTE corrections, we do not include such corrections here. However, departures from LTE decrease with increasing metallicity and are expected to be 0.1 dex for M71 red giants (Lind et al. 2011 ).
B. Uncertainties
Photometric temperatures based on the empirical relations for V-K S and B-V colors extracted from Alonso et al. (1999) have a 1σ value ranging from 20-96K. Additionally, we find in a comparison of our derived T eff values with those of CBG09b and MC09 average differences of 80K and 37 K, respectively. Therefore, we adopt 100 K as a conservative level of uncertainty in the derived T eff for each star. Similarly, comparing our surface gravities we found a 1σ-scatter of 0.06 and 0.20 dex with these previous studies, and adopted the highest value as a reasonable uncertainty in our log g values. Changes in microturbulence velocities of up to 0.10 km s −1 resulted in a lack of trend of the Fe abundance with respect to the line strength or reduced equivalent width. However, we find a 1σ-scatter of 0.13 and 0.17 km s −1 with the studies mentioned above; to be on the conservative side we adopted an uncertainty of 0.2 km s −1 in our microturbulence values. An assessment of the abundance ratios sensitivity to the uncertainties in the atmospheric parameters is performed by generating a grid of atmospheres while changing one parameter a time by its uncertainty. Then each abundance change introduced by varying the atmospheric parameters is added in quadrature in addition to the line-to-line dispersion to estimate the total uncertainty in the abundance. We found that the abundances of each pair of features for Na and Al agree within 0.10 dex or less, which translates into a line-to-line dispersion ≤ 0.07. In the case of oxygen where we only have a single line, we adopted a measurement uncertainty of 0.07 dex. To estimate the uncertainties introduced by spectrum synthesis, we applied small changes in the continuum placement, smoothing factor, and the abundance values while still obtaining a reasonable fit to the observed spectra. These procedure yielded an uncertainty ≤ 0.05 dex depending on the S/N ratio of the observed spectrum. We used this value to estimate the total error for Na and Al when the line-to-line dispersion was smaller. Table III shows derived uncertainties for two stars with different atmospheric parameters. We find that each element has typical uncertainties ranging from 0.10-0.15 dex.
IV. RESULTS
The Fe abundances in our sample of 33 stars cover a range of ∼0.10 dex, consistent with typical systematic uncertainties (0.12 dex). We find an average value of Na abundances exhibit the largest star-to-star variations in our sample of 33 stars, exhibiting a broad range of values (∼0.9 dex), and an average [Na/Fe]=0.34 dex (σ=0.20). We compared our Na measurements with the results of CBG09a uncorrected for NLTE effects and found no systematic offset using a common subsample of seven stars. Large differences in Na content are also found in pairs of stars that have similar atmospheric parameters, as shown in Fig. 5 , which provides direct evidence of star-to-star Na variations.
To separate our sample into primordial and intermediate populations we adopted the criteria used by CBG09a. After removing the NLTE correction used by CBG09a, the primordial population is defined as those stars with [Na/Fe]<+0.20 dex, consistent with the abundance ratios of field stars with similar metallicity. We have seven stars in common with the sample presented by CBG09a, which were used to compare the atmospheric parameters and abundances. The average differences in the sense us Determining the extent of the Na-O anticorrelation to low oxygen abundance is of particular interest for understanding how GCs form. The distribution of Na and O abundances for our sample follows the same distribution on the Na-O plane as CBG09a's sample. For this combined sample of 75 stars we find that the second generation comprises 71% of the stars in M71, consistent with the range of values obtained by CBG09a from a homogenous sample of 1500 stars selected from 19 GCs (∼ 50-70%). Both samples lack extreme oxygen-depleted stars, as shown in 2010) noticed that less massive and/or more metalrich GCs span a shorter range in oxygen abundance and less extended HB. Therefore, the lack of an extremely Odepleted population can be a consequence of M71's lower total mass. However, one of the lessons learned from the CBG09a survey is that extreme O-depleted stars are scarce. Therefore, the samples considered so far could be too sparse to reveal the extention of the Na-O anticorrelation in M71. In any case, larger samples of oxygen abundances are needed to effectively probe the tails of the O distribution in M71.
Both spectroscopic (Cordero et al. 2014 ) and photometric (Milone et (10) , the spatial distributions of the two populations found in M71 in this study are not statistically different. Future photometric studies of larger samples using UV filters sensitive to CN variations might clarify whether there is indeed no radial variation in the fraction of M71 intermediate population stars or the two populations are characterized by a weak radial gradient that is not detectable with the number of stars in our sample. In any case, our study (Fig. 10) suggests that the two populations in M71 are more spatially mixed than those of 47 Tuc. A possible clue as to why 47 Tuc and M71 exhibit different degrees of radial population mixing may be found in a comparison of the clusters' dynamical ages, defined as the ratio of the cluster age to its half-mass relaxation time. Assuming the clusters have similar ages (e.g. 12 Gyr), the dynamical age of 47 Tuc is about t/t rh ∼ 3 while that of M71 t/t rh ∼ 44 (where we have used the values of t rh from the Harris catalogue (2010). Considering the difference in dynamical age, the fact that M71 populations are more mixed than those of 47 Tuc is qualitatively consistent with the results of the simulations of the long-term dynamical evolution of multiple-population clusters of 
B. The Aluminum Abundance in M71
New insight on the nature of the polluters responsible for the star-to-star variations found within Galactic GCs can be obtained from Al, whose production through the proton-capture Mg-Al cycle requires higher temperatures (≥70MK) than that needed to produce Na at the expenses of Ne, due to their higher Coulomb barriers (e.g. To assess what factors are important in Al production in Galactic GCs, CBG09b have shown that a linear combination of a cluster luminosity and metallicity correlates with the Al production (their Fig. 13 ). Interestingly, M71 does not follow the trend outlined by the other clusters of their survey. In addition to Al, M71 and 47 Tuc also show similar behavior in the light elements C and N. As shown by Briley et al. (2001) , the range and distribution of CN and CH are identical in these two clusters, despite their different mass, suggesting that these similarities are a consequence of the comparable metallicity of the polluters. Given the similar [Al/Fe] interquartile range and median value we have found between 47 Tuc and M71, we suggest that the Al pattern in this metallicity regime is more sensitive to the metallicity of the polluters than to cluster mass, thus breaking the metallicity-mass degeneracy for the Al pattern.
The [Al/Fe] scatter seen in M71 is consistent with other similar metallicity clusters, as shown in Fig. 7 . Furthermore, we compare the interquartile range for the clusters with -1.8<[Fe/H]<+0.27 (from M80 to NGC 6553) presented in Fig. 7 Fig. 8 , we find that the more massive clusters exhibit a larger interquartile range for [Al/Fe] ratios. 47 Tuc seems to be the outlier exhibiting a smaller interquartile range within the more massive clusters, which is probably a consequence of being a more metal-rich cluster.
The Al-Na correlation detected in metal-poor GCs (e.g. Shetrone 1996 2013) for a different conclusion. In order to assess whether this trend is shared by the more metal-rich GCs, we have increased the number of published aluminum measurements in M71. No correlation of Al with Na is found for M71 giants, as shown in Fig. 9 . In the same figure we added the Al abundances for five stars from CBG09b after removing a systematic offset of -0.15 found in a common subsample of six stars. Additionally, we added two stars from the sample of MC09 after correcting for a systematic offset of +0.18 based on a common subsample of seven stars. The additional Al measurements available from the literature are consistent with the distribution described by our sample.
The lack of correlation of Al with Na is verified by pairs of stars within the sample that have nearly identical atmospheric parameters but differ significantly in their Na content, while displaying identical line strength for Al, as shown in Fig. 5 . This visual inspection of the spectra suggests that differences in the Al content can be subtle for stars that belong to different generations, distinguished by their Na abundance, and therefore Al is a less sensitive parameter to be used to distinguish multiple generations in this metallicity regime.
Comparing Al abundances with yields from IMAGB, FRMS, and supermassive stars might allow to identify polluting sources. Unfortunately, extensive predictions of [Al/Fe] yields from FRMS or supermassive stars are not yet available.
VI. SUMMARY
The characterization of the Al content of M71 has stimulated the present work, since this element can provide observational constraints to improve our understanding of the nature of the polluters in metal-rich GCs.
We summarize our results as the following. 1. The Fe content in our sample of 33 stars is homogeneous (standard deviation of 0.03) while star-to-star variations exceeding typical uncertainties were detected for O, Na, and Al.
2. We find that M71's stellar populations are more spatially mixed than the populations of 47 Tuc. Al-though this result is based on a small sample of stars and additional studies of this issue are desirable, the difference between the level of spatial mixing in 47 Tuc and M71 is consistent with the predictions of numerical studies of multiple-population spatial mixing (Vesperini et al. 2013 ).
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